The method of CERMAK and HERMAN has been applied to mass spectrometric studies of symmetrical electron and proton transfer processes. The characteristics of the ion source used have been investigated both experimentally and theoretically. A new type of ionization efficiency curve is obtained if the current of a secondary ion is plotted as a function of the voltage between ionization chamber and electron trap at constant low voltage between the filament and the chamber. Essentially complete discrimination of primary ions has been achieved.
A simple new method for mass spectrometric studies of the interactions between ions and neutral molecules has recently been described by CERMAK and HERMAN 1 . The electron accelerating voltage between the filament and the ionization chamber of a conventional ion source is kept below the ionization potential of the gas. The electrons traverse the chamber without causing any ionization and are then further accelerated by an electric field between the ionization chamber and the electron trap. The primary ions are accelerated in the direction opposite to the electron beam by this field before entering the ionization chamber. These primary ions are not able to pass the slit system of the mass spectrometer because of a kinetic energy component perpendicular to the direction of analysis. However, secondary ions produced by collisions with gas molecules in the chamber can be extracted into the analyzing section of the instrument if they are formed with negligible amounts of kinetic energy. CERMAK and HERMAN demonstrated this in studies of dissociative charge transfer reactions in cases in which the transfer of mass and therefore of kinetic energy is extremely small. 
Characteristics of the ion source

a) Experimental
The normal operation of the ion source is demonstrated in Fig. 1 for methane (curve 1). The current of the parent ion is given as a function of the electron accelerating voltage at constant trap voltage. A small current which decreases rapidly with decreasing electron voltage can still be observed below the ionization potential of methane (13.0 volts). Between 11.0 and 13.0 volts this current is attributed to the energy spread of the electron beam. At 11.0 volts the slope of curve 1 changes discontinuously and at lower voltages becomes nearly independent on the electron accelerating voltage. Fig. 2 shows the dependence of the CH4 + -current on the pressure in the gas inlet system. Proportionality exists if the ion source is operated in the conventional way, i. e. with incident electron energies above the ionization potential of the methane (curve 1). The current increases with the square of the pres- voltage between filament and ionization chamber. Ej: voltage between ionization chamber and electron trap. Methane pressure in the gas inlet system: 600 [X. Repeller field: 3.8 volts/cm.) sure if the electron accelerating voltage is kept below 11.0 volts (curve 2). In this range only secondary CH4 + ions which result from some interaction of primary ions formed between the chamber and trap with gas molecules in the chamber are observed. The formation of these secondary CH4 + ions is described in a more detailed manner by curve 3 in Fig. 1 . The electron accelerating voltage F0 has been kept constant at 8.0 volts and the CH4 + current has been studied as a function of the trap voltage FT . Curve 3 represents an "ionization efficiency curve" for the secondary ion. The "appearance potential" here amounts to 5.0 volts. This corresponds exactly to the ionization potential of 13.0 volts of methane since the energy of the electrons is equal to Fe + Ft= 13.0 when they reach the electron trap. It can therefore be concluded that the precursor of the secondary CH/ ion is the primary CH4 + ion which transfers its charge in a collision with a methane molecule. "Secondary ionization efficiency curves" are therefore helpful in investigations of the nature of the primary ion. However, the meaning of such secondary ionization efficiency curves is somewhat different from that obtained in more conventional ion sources. This will be discussed in detail in the following theoretical part.
The description of the characteristics of the ion source is completed by curve 2 in Fig. 1 where the ion current is plotted versus the trap voltage at constant accelerating voltage above the ionization potential of the gas. As it is well known from conventional operation the ion current is practically independent on Ej over a wide range.
b) Theoretical
The secondary ions cannot reach the collector if they have excessive kinetic energy either parallel to the long axis of the slits (i. e. in the direction of the primary ions) or perpendicular to this axis and to the direction of analysis. Only a beam within the divergence angles a and /? (perpendicular to and in the plane of analysis, respectively) will pass through the whole slit system. The angle a is determined by the length of the exit slit of the ionization chamber and lo of the entrance slit of the collector system as well as the distance a between the two slits. The angle /? is determined by the widths dx and d.2 of the exit slit of the ionization chamber and the exit slit of the ion accelerating system as well as their distance b. In the mass spectrometer employed here lx , U and a were 1.0. 1.26 and 40 cm, and dx, d2 and b were 0.15, 0.15 and 7.2 mm. respectively. The values of a and are calculated to be equal to 0.056 and 0.0415 radians from these data. The maximum kinetic energy components L a and Up parallel and perpendicular to the direction of the primary ion beam which will allow analvsis are given by
where V is the ion accelerating high voltage of the ion source. In this work V was equal to 800 volts. Ua and Ufi are found to amount to Ua = 2.5 eV.
Let x0 be the distance between the ionization chamber and electron trap, x the distance between the chamber and a point between these two electrodes. The total kinetic energy of an electron which ionizes a molecule at this point is equal to
where U is the potential difference between the chamber and this point. If the field gradient between chamber and trap is linear U = Ej x/x0 . The primary ion formed at the distance x is accelerated by the potential U and enters the chamber with the kinetic energy e U (x). At the appearance potential, AP, of the secondary ionization efficiency curve, all ionizations take place immediately in front of the collector, i.e. x = x0 and Ftot = Fc 4-£t ? and all primary ions entering the ionization chamber have the kinetic energy e FT . However, at higher values of FT ionization can occur between x0 and a minimum distance xx which is given by the condition E0 +U(xt) -AP. The primary ion beam therefore will have a distribution in kinetic energy between elj (xx) and e FT . Since decreases with increasing Ej this distribution will become broader and broader.
The number of primary ions which are formed between x and x + d.r (or U and U + dU) and which will therefore obtain the kinetic energy e U is equal to
where c is the concentration of gas molecules in the ion sources and o(U) the cross section for ionization at the distance x, i.e. at total electron energy Fe + U.
The total number of primary ions formed between :r0 and rq will amount to This curve is the measured primary ionization efficiency curve 1 in Fig. 1 (the scale of the abscissa is just shifted by 8 volts). Curve 2 in Fig. 3 is the integral
of curve 1 and represents the total primary CH4 + current at different voltages E?. Both curves are normalized at 40 volts. The number of secondary ions which are produced by reactions of the primary ions in the ionization chamber is proportional to
is the cross section of the ion-molecule reaction. By combining Eq. (6) and (8) N'tot oc cHxJEt:)
AP~Ee is obtained. If o is independent of the kinetic energy of the primary ion, TV'tot becomes proportional to Ntot, i. e. the shape of the secondary ionization efficiency curve will be identical to that calculated from Eq. (7) (Fig. 3) . In these considerations it has been assumed that all secondary ions reach the collector. However, if the secondary ions are formed with kinetic energies perpendicular to the direction of flight only a fraction, /, will be collected. As the kinetic energy of the primary ion increases / will decrease and N' will be described by the relation
Symmetrical charge transfer reactions
Symmetrical charge transfer processes have been studied by a number of authors 2_5 . These investigations have mainly been restricted to the noble gases. The reaction H2 + + H2 H2 + H2 + seems to be the only process studied in which molecular species are involved. The cross sections of such resonance processes are expected and have been found to be higher than gas collision cross sections. This arises because the resonance introduces a long range interaction which would otherwise not occur. Relatively little variation of the cross section with the kinetic energy of the ion has been found. At energies above 200 eV in all cases the cross section observed falls very slowly and steadily as the relative kinetic energy of the collision partners increases. At lower kinetic energies, however, a small maximum has been observed in argon and in neon 6 and a very pronounced one in hydrogen 4 . These anomalies have been attributed to the occurrence of non-resonant processes in the noble gases due to the spin multiplicity of the lowest state of these ions. In the case of H2 a side reaction in which a change of vibrational energy is involved has been assumed 4 . Scattering of ions in the case of exact resonance occurs primarily at small angles, the scattering intensity at 90° being practically zero 7 . It can therefore be assumed that all secondary parent ions formed in our ion source exclusively result from symmetrical charge transfer. Table 1 . The lowest cross section for transfer of a single electron has been found in methane. This reaction has been selected for reference in Table 1 . In order to obtain relative cross sections, the ratio ion current in the more conventional operation of the source (i.e. EE = 40 volts). Since the primary ion current contained ions of kinetic energies between about 5 and 40 volts, the value of the cross section obtained is an average over this range. An additional complication arises since the primary molecular ions formed by electron impact will have various amounts of vibrational energy. The data obtatined by the present method of measuring cross sections can be compared with literature values in the case of the noble gases. Our ratio of the cross sections in argon and neon amounts to 9.3/3.7 = 2.5 which agrees with the ratio of 2.5 -3.0 calculated from the measurements of Rostagni 6 . Absolute cross sections may be calculated from the data in Table 1 by using the known absolute cross section of the transfer process in argon (38 x 10~1 6 cm 2 at 20 eV).
The cross section depends significantly on the nature of the compound. In molecules of similar size (such as ethane, ethylene and acetylene) the cross section increases with increasing unsaturation. A similar increase is observed by going from cyclohexane to cyclohexene. High cross sections have been found in the sulfur containing compounds and in iodine. was the only one found for the transfer of two charges in a molecular system.
Proton transfer reactions
The secondary mass spectra of some simple molecules are listed in fore be the precursors of the protonated species as well as the secondary parent ions.
yrHnX + H"X + (13) H"X + + H"X ^Hb_!X + Hb (14) In order to compare the competing processes of electron and proton transfer the ratio of the currents of the secondary ions H" + 1X + and H"X + is plotted in Fig. 8 versus the voltage .
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Trap voltage Ey - The general shape of the secondary ionization efficiency curves of the ions H,i + 1X + differs markedly from that of the ions X"X + . A maximum at 10 -15 volts above the appearance potential can usually be observed (Figs. 4 -7) . The decrease in the ratio Hrt + 1X + /H"X + in Fig. 8 indicates that electron transfer predominates more and more at higher kinetic energies. The shape of the H" + 1X + curves in Figs The collection efficiency, /(£/), can no longer be assumed to be constant as in the electron transfer reactions since the transfer of the mass of the proton will be accompanied by the transfer of kinetic energy. This term is therefore expected to decrease above a certain value of U, but the decrease should depend strongly on the nature of the collision. The reaction may occur via an activated complex which dissociates into the final products after a lifetime much longer than the time of a molecular vibration. The existence of such complexes has been proven indirectly 9 and directly 12 in several ion-molecule reactions. Complexes are probably preferentially formed at low kinetic energies. At higher kinetic energies the lifetime of the complex will become shorter than the time required for distribution of the excitation energy in the various degrees of freedom in the complex, i. e. there is practically no real complex formation. Reactions which are observed at higher kinetic energies are more likely to occur as stripping processes. Essentially the cross sections of such processes are not expected to exceed gas kinetic cross sections. In the case of complex formation the intermediate complex will move with half the original kinetic energy (e U) in the direction of the primary ion, the rest of the kinetic energy appearing as internal energy. The reaction product + iX + will have the kinetic energy
in the direction of the primary ion (where A is the mass of molecule H"X). It will have an additional component of kinetic energy directed at random if part of the excitation energy of the complex and of the exothermicity of the reaction appears as kinetic energy of the final products. At values of U above 10 volts the maximum energy component Ua, at which collection is allowed, will have been reached. The collection efficiency is expected to fall significantly as the kinetic energy of the primary ion exceeds a few electron volts.
Where the secondary ion results from stripping of a proton from the primary ion the protonated molecule will be formed with the kinetic energy A" 1 (A + 1)(e U) in the direction of the primary ion. This amount is much less than in the case of complex formation. There f(U) is expected to depend only slightly on the kinetic energy in the range of 5 -40 volts. The ratio Hn + iX + /H"X" in Fig. 8 is only slightly dependent on FT in the cases of hydrogen chloride, hydrogen sulfide and ammonia. If we can again assume that o and / oxf the electron transfer are nearly independent on energy it must be concluded that o and / of the proton transfer show the same behavior. The stripping model would therefore be more adequate to describe these reactions than the activated complex model (at least for kinetic energies above 5 eV). The very strong decrease in the current ratio CH5 + /CH4 + in Fig. 8 indicates that this reaction occurs via a complex at low kinetic energies while a stripping reaction predominates at higher energies. This may also explain some observations of FIELD et al. 9 who studied the reaction CH4 + + CH4 -> CH5 + + CH3 by operating the ion source in the conventional way. They found the cross section to decrease at repeller field strengths between 10 -100 volts/cm but to become constant at higher field strengths.
The C2H7 + ion which could not be detected in conventional studies on ion-molecule reactions in ethane 13 has been observed (Table 2, Fig. 8 ) with low intensity. Since the appearance potentials of C2H6 + , C2H5 + and C2H4 + from ethane no not differ very much, it is difficult to attribute the secondary C2H7" to one of these primary ions. A rough estimate shows that the cross section of the formation of C2H7~ in ethane must be 100 times smaller than that of the proton transfer in water. This low cross section explains the failure to detect C2H/ in the conventional operation of an ion source since C2H7 + is here masked by the C 13 isotopic peak of the C2H6" ion.
Fragment ions in the secondary mass spectra
The secondary mass spectra in Table 2 the slit system of the mass spectrometer. The collection efficiency of scattered ions is expected to be very small since most will have components of kinetic energy perpendicular to the direction of analysis. Furthermore, the scattering intensity at 90" is very low 14 . This would explain the rather low relative intensities of most of the fragment ions in Table 2 . The table, however, contains a few examples which strongly indicate that there must be additional processes of formation of secondary fragment ions.
The ion CH3 + is the most abundant in the secondary mass spectrum of methane. Its intensity is even higher than that of CH4 + (the abundant ion in the primary mass spectrum). Furthermore, the secondary ionization efficiency curve of CH3 T always runs above that of CH4 + except for the immediate vicinity of the appearance potential of CH3" (Fig. 4) . This is in contrast to the behaviour of the primary ionization efficiency curves of these ions 15 
The 0H + ion could not be detected in the secondary spectrum of water although its intensity as primary ion is very high. The absence of this ion as a secondary ion would seem to corroborate the above ideas that the high intensities observed for CH3 + and C2H-+ cannot be due to scattering of the primary ions. It also indicates that hydride ion transfer OH + + H20 -> H,0 + OH + (21)
does not occur. The ionization potential of OH seems to be slightly higher than that of water while that of CH3 is much lower than that of methane (Table 2 ). In the case of w ater electron transfer OH + + H20OH + H20 +
is expected to compete with reaction (21). Reaction (22) is of interest in considerations of the radiation chemistry of water. It explains the fact that there is no chemical evidence of OH + although the mass spectrum of w r ater indicates that OH + is formed in high yield by high energy radiation. In the case of hydrogen chloride, the fragment CI also has a slightly higher ionization potential than the molecule. The reaction CP + HC1-> CI + HC1 + may therefore partly be responsible for the very low relative intensity of CP in the secondary mass spectrum of hydrogen chloride. 
